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Abstract
We propose an extension of the supersymmetric standard model with right-
handed neutrinos and a singlet Higgs field, and study the neutrino masses in
this model. The Majorana masses for the right-handed neutrinos are gener-
ated around the supersymmetry breaking scale through the vacuum expec-
tation value of the singlet Higgs field. This model may induce spontaneous
R-parity violation via the vacuum expectation value of the right-handed sneu-
trino. In the case, the effective theory is similar to a bilinear R-parity violating
model. There are two sources for the neutrino masses: one is this bilinear R-
parity breaking effect, and the other is the ordinary seesaw effect between
left- and right-handed neutrinos. Combining these two effects, the hierarchi-
cal neutrino mass pattern arises even when the neutrino Yukawa matrices are
not hierarchical. We acquire appropriate masses and mixings to explain both
the solar and atmospheric neutrino oscillations.
PACS numbers: 14.60.St, 11.30.Qc, 12.60.Jv, 14.60.Pq
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I. INTRODUCTION
Recent Super-Kamiokande data provides convincing evidence for neutrino oscillations
[1]. It strongly suggests the existence of neutrino masses at most a few eV. The standard
explanation of such tiny neutrino masses is the seesaw mechanism [2], in which one introduces
right-handed singlet neutrinos Ni. The standard model gauge group does not forbid the
Majorana masses MR between the right-handed neutrinos Ni, which are usually placed near
the unification scale, say MR ∼ 1014 GeV.
Bilinear R-parity violation in the supersymmetric model is another possible way of ob-
taining the neutrino masses [3]. This model is the extension of the Minimal Supersymmetric
Standard Model [4] adding small bilinear terms LiH2 to the superpotential. Originally the
conservation of R-parity was introduced to avoid proton decay, so that lepton and baryon
number are conserved in the MSSM. The R-parity breaking terms LiH2 violate lepton num-
ber conservation, leaving baryon number conserved. Therefore neutrino masses are generated
without introducing any right-handed neutrinos. In this scenario, the neutrino masses have
a characteristic structure. Only one generation of neutrino obtains mass at the tree level by
the mixing with the gauginos (we refer to this as ‘gaugino seesaw’). Therefore the masses of
the first and second generation of neutrinos are generated by radiative corrections. In this
model it is rather difficult to maintain the second generation neutrino mass appropriately
large to account for the solar neutrino anomaly by the MSW effect.
The origin of the R-parity violation may be naturally explained by spontaneous R-parity
breaking [5] [6]. However it is not very easy to generate spontaneous symmetry breaking
in the supersymmetric model in general. Namely, the origin (a point where all the vacuum
expectation values (vevs) are zero) is always the global minimum of the scalar potential in
the supersymmetric limit, and if we add the positive soft scalar mass-squared terms it still
remains at least a local minimum and in general tends to be the global minimum. (We recall
that negative soft mass-squared terms for the charged/colored fields easily lead to unwanted
charge/color breaking.) One way to get rid of this vacuum is radiative breaking [7], where
2
the radiative correction to the soft scalar mass-squared drives it negative even if it is positive
at the tree level. In this mechanism the origin does not remain the local minimum. This is
applied to the electroweak symmetry breaking of the MSSM successfully. Another way is to
introduce the large soft scalar trilinear couplings (A-terms) [8]. The origin remains a local
minimum while there appears the global minimum which is far from the origin due to the
effect of the large A-terms.
As mentioned above, when one considers the seesaw mechanism the right-handed Ma-
jorana masses MR are supposed to lie near the unification scale. This is based on the
assumption that at least one of the Dirac-type Yukawa couplings f ν is of order unity. How-
ever, there are no reason a priori to expect f ν ∼ O(1). In fact, almost all the Yukawa
couplings in the Standard Model or the MSSM are much smaller than 1; the top Yukawa
coupling is the only exception.1 Therefore it is interesting to pursue the possibility that the
right-handed Majorana mass scale MR is also low enough to be spontaneously generated at
the weak or supersymmetry breaking scale, while the Dirac-type Yukawa couplings f ν are
small enough to give appropriate seesaw masses of the left-handed neutrinos ν.
In this paper we propose a model where a singlet Higgs field S is added to the MSSM with
right-handed neutrinos Ni. We consider the most general superpotential consistent with R-
parity and an overall Z3 symmetry which forbids an explicit µH1H2 term, without assuming
any extra global symmetry. In particular, we do not impose lepton number symmetry by
hand, so that the singlet S may couple to ordinary Higgs fields H1 and H2, which means
that the µ-term is spontaneously generated as well [9].
Our model has an interesting parameter region where left- and right-handed sneutrinos
acquire vevs and R-parity is spontaneously broken. In the vacuum with broken R-parity,
the effective theory is similar to the bilinear R-parity violating model. There are two sources
1 Also bottom and tau Yukawa couplings become O(1) in the large tanβ (v1 ≪ v2) region of the
MSSM.
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for the left-handed neutrino masses mν in this case. One is the ordinary seesaw effect with
right-handed neutrinos Ni and the other is the bilinear R-parity breaking effect.
Owing to the existence of these two effects, we can explain the hierarchical neutrino mass
structure naturally. The seesaw mechanism with right-handed neutrinos provides masses
for all generations, while the effect of the R-parity breaking provides mass only for one
generation. Therefore one neutrino may be much heavier than the other two neutrinos.
This paper is organized as follows: In section 2, we analyze the scalar potential of our
model. In section 3, we investigate the neutrino masses with vevs considered in section
2. Section 4 is the summary of this paper. The detailed calculations of the vacua of the
simplified potential are shown in the Appendix.
II. THE MODEL AND ITS VACUA
We add the singlet field S to the MSSM with right-handed neutrinos Ni. We assign
R-parity even for S and odd for Ni, as usual. The most general superpotential consistent
with R-parity conservation (up to the appropriate field redefinition) is
W = WMSSM +WN,S , (1)
where
WMSSM =
∑
i
f di (H1Qi)Di +
∑
i,j
fuij(QiH2)Uj +
∑
i
f ei (H1Li)Ei , (2)
WN,S =
∑
i,j
f νij(LiH2)Nj + λH(H1H2)S +
∑
i
λNi
2
N2i S +
λS
3!
S3 , (3)
i, j are generation indices and summed from 1 to 3. The parameters f di , f
e
i , λNi, λH , and
λS can be taken real and positive while f
u
ij and f
ν
ij are in general complex matrices. We
have imposed an overall Z3 symmetry in which all the superfields have the same charge,
as is done in the Next to Minimal Supersymmetric Standard Model to generate the µ-term
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spontaneously [9].2
The scalar potential corresponding to eq.(1) is
V = VF + VD + Vsoft , (4)
where
VF =
∑
Φ=D,U,Q
∣∣∣∣∣∂WMSSM∂Φ
∣∣∣∣∣
2
+
∑
i
|f ei (H1Li)|2 +
∑
i
∣∣∣∣∣∣∂WMSSM∂Li +
∑
j
f νijH2Nj
∣∣∣∣∣∣
2
+
∣∣∣∣∣∂WMSSM∂H1 + λHH2S
∣∣∣∣∣
2
+
∣∣∣∣∣∣∂WMSSM∂H2 +
∑
i,j
f νijLiNj + λHH1S
∣∣∣∣∣∣
2
+
∑
j
∣∣∣∣∣∑
i
f νij(LiH2) + λNjNjS
∣∣∣∣∣
2
+
∣∣∣∣∣λH(H1H2) +∑
i
λNi
2
N2i +
λS
2
S2
∣∣∣∣∣
2
, (5)
Vsoft = V
MSSM
soft +
∑
i,j
Aνf νij(LiH2)Nj + A
HλH(H1H2)S + h.c.

+
[∑
i
m2|Ni|2 +m2|S|2 +
{
Am
(∑
i
λNi
2
SN2i +
λS
3!
S3
)
+ h.c.
}]
. (6)
The term V MSSMsoft represents the MSSM soft terms. (Note that the B-term BµH1H2 is not
included.) We have taken the common soft breaking parameters m and A for the singlet
fields Ni, S in eq.(6), motivated by the supergravity scenario [11]. That is, if we set the
common trilinear coupling A and universal soft massm at the Planck scale, the A-parameters
and soft breaking masses composed purely of gauge singlets Ni, S (namely, the terms inside
the square brackets in eq.(6) ) are relatively insensitive to RGE running and so their values
at the weak scale are approximately the same as the values at the Planck scale. In contrast,
the MSSM soft terms run in the usual way. The term VD in eq.(4) represents the MSSM
D-terms whose neutral components may be written as
V neutralD =
g21 + g
2
2
8
(
−|H01 |2 + |H02 |2 −
∑
i
|ν˜i|2
)2
. (7)
2 There might be the cosmological domain wall problem associated with the spontaneous Z3
symmetry breaking. This may be evaded by e.g. nonrenormalizable terms or inflation [10].
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Note that the Majorana masses of right-handed neutrinos MR are naturally induced by
the vev of S which is around the supersymmetry breaking scale and not near the unification
scale. This is because we have imposed the Z3 symmetry, which forbids the explicit Majorana
mass terms between the right-handed neutrinos, to generate the µ-term of the Higgs fields
H1 and H2 spontaneously by the vev of S. Since the Majorana masses MR are generated at
the order of the supersymmetry breaking scale, the Dirac-type Yukawa couplings f ν must
be below 10−6, which is around the magnitude of electron, up-quark, or down-quark Yukawa
couplings, in order to generate tiny neutrino masses mν <∼ eV.
The vevs are determined by the minimization of the potential (4). The right-handed
sneutrino N may acquire a vev along with the S i.e. R-parity may be spontaneously broken.
In this case, the bilinear R-parity violating terms of the form f ν〈N〉LiH2 arise as new
sources of neutrino masses mν . Notice that the vev for the right-handed sneutrino N does
not induce spontaneous lepton number violation. In fact, neither lepton number nor any
other global symmetry can be assigned to the superpotential (3).3 Therefore an unwanted
Nambu-Goldstone boson accompanied with spontaneously broken global symmetry is absent
even if either S or N acquires a vev.
To gain more insight into the superpotential (3), we show the three lepton number
restoring limits. The first is the limit f ν → 0. We assign L = 0 to both S and Ni. This
model forms the NMSSM [9] with extra singlet fields Ni. The second limit is λN → 0.
This is also the NMSSM with right-handed neutrinos whose lepton number assignments are
L = −1 for N and L = 0 for S. The third is λH , λS → 0. This model is called the singlet
Majoron model, where L = −1 for Ni and L = 2 for S [6]. In the singlet Majoron model,
lepton number and R-parity are broken spontaneously by the vevs of the S and N .
Now we show the mechanism which generates the vevs for S and N . As mentioned in the
3 The R-symmetry can be assigned as the charge 2/3 for all superfields, but it is broken explicitly
by the soft supersymmetry breaking terms.
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previous section, it is not very easy to generate the vevs in the supersymmetric model. We
use the mechanism which requires a large A-term [8]. Let us briefly review this mechanism
by using a simple model. Consider a superpotential
W =
λ
3
Φ3 . (8)
Then the scalar potential including the soft terms is given by
V = |λφ2|2 +
(
A
3
mλφ3 + h.c.
)
+ |m|2|φ|2 . (9)
For simplicity, we take λ, A, m and φ to be real. Rescaling the field as x = (λ/m)φ, the
potential becomes
V =
m4
λ2
x2
(
x2 +
2A
3
x+ 1
)
. (10)
The global minimum is at the origin x = 0 for |A| < 3, or at the point x 6= 0 for |A| > 3.
When A > 3, the vev and potential are given by
〈φ〉 = −m
λ
C+ , (11)
Vmin = −m
4
3λ2
C2+(C
2
+ − 1) . (12)
where
C± =
A±√A2 − 8
4
. (13)
This situation is shown in Fig.2 schematically. It is interesting that both the vev and the
depth of the potential depend on the inverse of λ. Therefore we may obtain the larger vev and
the deeper minimum for smaller values of λ. Originally, efforts have been made to apply this
mechanism to the electroweak symmetry breaking of the MSSM in the supergravity scenario,
and it has turned out to be difficult [8]. The reason is that the smallest Yukawa coupling f e,
fu, or f d produces a deeper minimum (where the electric charge is broken) than the desirable
one, resulting in the breaking of the electric charge symmetry. In contrast, we apply this
mechanism to R-parity breaking, leaving the explanation of electroweak symmetry breaking
for, say, the radiative breaking.
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Let us analyze the neutral components of the potential (4), and evaluate the vev for the
singlet fields S and N . As an illustration, we first treat its simplified version analytically,
ignoring the f ν and λH terms. The f
ν terms can be safely neglected. If we also ignore the
λH term, the singlets S and Ni decouple from the other fields and the potential is simple
enough to be treated analytically. We include λH term as a perturbation later.
4 The relevant
superpotential is given by
W =
λNi
2
SN2i +
λS
3!
S3 . (14)
The scalar potential is written as
V =
∑
i
|λNiSNi|2 +
∣∣∣∣∣∑
i
λNi
2
N2i +
λS
2
S2
∣∣∣∣∣
2
+
∑
i
m2|Ni|2 +m2|S|2 +
{
Am
(∑
i
λN i
2
SN2i +
λS
3!
S3
)
+ h.c.
}
. (15)
This potential has the same structure as eq.(9) and the S and N fields can acquire vevs if
the A-terms are large enough.
For simplicity, we do not consider CP-violating effects, that is, we assume that all the
parameters and vevs are real. The stationary conditions are given by
∂V
∂Ni
∣∣∣∣∣
vacuum
= λN
2
i s
2ni +
∑
j
λNj
2
n2j +
λS
2
s2
 λNini
+AmλN isni +m
2ni = 0 , (16)
∂V
∂S
∣∣∣∣∣
vacuum
=
∑
j
λN
2
jn
2
js+
∑
j
λNj
2
n2j +
λS
2
s2
λSs
+
∑
j
AmλNj
2
n2j +
AmλS
2
s2 +m2s = 0 , (17)
where the vevs are parameterized as
〈S〉 = s , 〈Ni〉 = ni . (18)
4 We solve the full equations (21) and (22) when we calculate the vevs for S and N numerically
in the next section.
8
If ni is nonzero, eq.(16) reduces to
λN
2
i s
2 + λNiξ +m
2 = 0 , (19)
where
ξ =
∑
j
λNj
2
n2j +
λS
2
s2 + Ams . (20)
Obviously, eq.(19) cannot be simultaneously satisfied for all i = 1, 2, 3 with nonzero values
of ni, when λNi are arbitrary. The condition (19) does not change if one includes the λH
term. This means that only one of the three Ni can acquire a vev and the other two vevs
remain zero in our basis.5 We choose parameters such that n3 is nonzero. We will write n3
and λN 3 as n and λN respectively, when it is clear from the context.
Let us classify the global minimum of the scalar potential (15). There are three types
depending on the parameters A and k ≡ λS/λN . (We treat them in more detail in the
Appendix.)
When |A| < 3, the global minimum is at the origin n = s = 0. (This corresponds to
Solution 1 in the Appendix.) This vacuum is unacceptable, because s ∼ 0 means that the
Higgsinos are nearly massless µ ∼ 0. In addition, Majorana masses of the right-handed
neutrinos also become too small. Therefore the Yukawa couplings f ν must be extremely
small to give proper seesaw masses.
When |A| > 3, there are two possibilities. One is n = 0, s 6= 0. (This corresponds to
Solution 2 in the Appendix.) This is uninteresting, because in this case the right-handed
sneutrino N does not have a vev i.e. R-parity is unbroken. This amounts to just changing
the scales of the ordinary seesaw mechanism. The other is n 6= 0, s 6= 0. (This corresponds
to Solution 3 in the Appendix.) This can be the global minimum for some range of values
of k (that is given by eq.(A9) in the Appendix). For example when |A| = 4, this range
corresponds to 1.8 <∼ k <∼ 6.
5 There are negligible O(f ν2) corrections once one includes f ν terms.
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Next, we consider whether the above situation remains the same when we add the
λHS(H1H2) term. Eq.(16) and eq.(17) are changed to
∂V
∂N
∣∣∣∣∣
vacuum
= eq.(16) + λHλNv1v2n = 0 , (21)
∂V
∂S
∣∣∣∣∣
vacuum
= eq.(17) + (λ2Hv
2
2 + λ
2
Hv
2
1 + λHλSv1v2)s+ AHmλHv1v2 = 0 , (22)
where v1 = 〈H01 〉, v2 = 〈H02 〉. The f ν terms are neglected again. One can see from eq.(21)
and eq.(22) that the solution corresponding to each case remains the global minimum (for
v21 + v
2
2 ≃ (174GeV)2), if λH <∼ 1 and m >∼ 100GeV. We have also confirmed this in the
numerical calculations.
If one sets m extremely small or adds the term with large λH (>∼ 1), the solutions with
s 6= 0 will not correspond to be the global minimum anymore. The global minimum will
then be the unacceptable case s = 0.
We note that even if we assume common A-terms at the Planck scale as in the super-
gravity scenario, it is easy to make the A-parameters for the charged fields small enough
(|Acharged| < 3) to avoid the charge breaking minima, while maintains the A parameters for
the neutral fields S and N large enough (|A| > 3). This is because only Acharged receives the
radiative corrections from gaugino loops running from the Planck to weak scale.
III. THE NEUTRINO MASSES
We investigate the neutrino masses generated by a seesaw mechanism in which left-
handed neutrinos mix with both the right-handed neutrinos and neutralinos. The left-
handed sneutrinos acquire vevs induced by a vev of the right-handed sneutrino. This is
because the nonzero vev of N3 introduces the bilinear R-parity violating couplings
f νi3n3(LiH2) , (23)
such that the vev ofH02 induces linear terms for the left-handed sneutrinos [3]. The stationary
conditions with respect to left-handed sneutrinos are given by
10
∂V
∂ν˜i
∣∣∣∣∣
vacuum
=
(
f νj3ujn3 + λHsv1
)
f νi3n3 +
(
f νj3ujv2 + λNsn3
)
f νi3v2
+
∑
k=1,2
(
f νjkujv2f
ν
ikv2
)
+
1
4
(g21 + g
2
2)(
∑
j
u2j + v
2
1 − v22)ui
+Aνmf νi3v2n3 +m
2
Lui = 0 , (24)
where ui are the vevs of the left-handed sneutrinos. Ignoring the terms of the second order
in f ν , we can easily solve eq.(24) as
ui ∼ −f νi3n3
{
λHv1s+ λNv2s+ A
νmv2
1
4
(g21 + g
2
2)(v
2
1 − v22) +m2L
}
. (25)
Note that u is O(f ν) multiplied by parameters of the order of the weak scale. It is always
possible to change the basis of the lepton doublets as
u′i = Oijuj , (26)
so that only u′3 takes nonzero value u
′
3 = u. By this rotation, f
ν changes as
f ν ′ij = Oikf
ν
kj
=

f ν ′11 f
ν ′
12 0
f ν ′21 f
ν ′
22 0
f ν ′31 f
ν ′
32 fν
 , (27)
where
fν ≡ f ν ′33 = O3kf νk3 =
√
f ν13
2 + f ν23
2 + f ν33
2 . (28)
Hereafter, we take this base and drop ′ from f ν .
In our model, neutrinos mix with neutralinos. The tree level mass matrix for neutrino-
neutralino fields
(
νi, ψNj , ψS, ψH0
1
, ψH0
2
, B˜0, W˜ 0
)
is given by6
6We have omitted the mass term f ν3ju3ψNjψH0
2
, because this term is second order in f ν and
contributes to the light neutrino masses mν at higher orders. (Other terms contribute up to
second order.)
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 03×3 MD
MTD MR
 , (29)
where
MD =
(
f νij′v2 , 03×1 , 03×1 , δi3fνn , −δi3
g1u√
2
, δi3
g2u√
2
)
, (30)
MR =

δjj′λNjs δj3λNn 03×1 03×1 03×1 03×1
δ3j′λNn λSs λHv2 λHv1 0 0
01×3 λHv2 0 λHs −g1v1/
√
2 g2v1/
√
2
01×3 λHv1 λHs 0 g1v2/
√
2 −g2v2/
√
2
01×3 0 −g1v1/
√
2 g1v2/
√
2 M1 0
01×3 0 g2v1/
√
2 −g2v2/
√
2 0 M2

, (31)
and 0i×j is i × j submatrix whose components are all zero. Higgsino mass µ, Majorana
masses of right-handed neutrinos MR, and Dirac masses mD between left- and right-handed
neutrinos are respectively given by
µ ≡ λHs , (32)
MRi ≡ λNis , (33)
mDij ≡ f νijv2 . (34)
The mass matrix for the three light neutrinos is given by
mν ij = −MDM−1R MTD
= −
3∑
k=1
mDikmDjk
MRk
−δi3δj3
[
u2
2M
+
fνnuv1
Mµ
(
1− λHv
2 sin 2β
X
+
2λHv
2
2 tanβ
X
)
+
(fνn)
2
µ
(
v21
2Mµ
− λHv
4 sin2 2β
MµX
+
4λHv
2
2
X
)]
×
{
1− v
2
2Mµ
(sin 2β +
λHv
2
X
cos2 2β)
}−1
, (35)
where
12
X ≡ λSs2 − λNn2 + 2λHv1v2 , (36)
the ‘reduced’ gaugino mass parameter M is defined by
1
M
=
g21
M1
+
g22
M2
, (37)
and v2 ≡ v21+v22 ≃ (174GeV)2. We have taken the parameterization v1 = v cos β, v2 = v sin β
which is justified since ui ≪ v1, v2.
Before presenting the numerical results, we provide qualitative explanations taking two
limits in eq.(35). The first term −mDikmDjk/MRk in eq.(35) comes from the ordinary seesaw
effect between left- and right-handed neutrinos as shown in Fig.1(a). We denote this as ‘usual
seesaw’. The second term in eq.(35) is the characteristic of our model.
In the limit s→∞ and v → 0, eq.(35) reduces to
mνij = −δi3δj3
u2
2M
, (38)
which is simply the first term in the square bracket in eq.(35). This comes from the ‘gaugino
seesaw’ effect shown in Fig.1(b). The neutrino mass generation through the gaugino seesaw
effect is characteristic of a bilinear R-parity violating model [3]. (As mentioned, our model
has the effective bilinear R-parity violating coupling (23).)
If we take the limit M →∞, eq.(35) becomes
mνij = −
3∑
k=1
mDikmDjk
MRk
− δi3δj3 (fνn)
2
µ
4λHv
2
2
X
. (39)
The first term in eq.(39) is just the usual seesaw mass term. The second term in eq.(39)
comes from the ‘Higgsino seesaw’ effect via the Dirac mass fνn which mixes Higgsino ψH0
2
and left-handed neutrino of third generation, which originates from the effective bilinear
R-parity breaking coupling (23). The origin of this second term in eq.(39) is the last term in
the square bracket in eq.(35). The Higgsino seesaw effect is absent in the bilinear R-parity
violating model. The difference is that if we rotate (Li, H1) to eliminate the bilinear terms
(23), there appear (LiH2)S terms which are absent in the bilinear R-parity violating model.
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The interesting point here is that the neutrino mass matrix (39) is purely given by the
usual seesaw effect except for its 3-3 element. The gaugino and Higgsino seesaw together
work only for one generation, because we can always rotate the basis as in eq.(26). Thus
the hierarchical neutrino mass structure arises even if the Dirac-type Yukawa couplings f ν
are all the same order of magnitude.
Now we show our numerical result in Fig.3 using the parameters explained as follows.
In the calculation, we treat the vevs of the Higgs fields v1 and v2 as inputs such that
v1 = v cos β, v2 = v sin β, where v ≃ 174GeV and tan β = 10. (This can be realized by
solving the stationary conditions of the scalar potential with respect to H01 and H
0
2 for the
soft scalar masses mH1 and mH2 .) We search for the global minimum of the potential (4)
to obtain the vevs for S and N using eq.(21) and eq.(22), and then evaluate the neutrino
masses from the eigenvalues of the mass matrix (29). We input the soft supersymmetry
breaking parameters as
A = −4 ,
m2L = m
2 + 0.5M20 ,
M2 = 2M1 = 0.8M0 = 1 TeV , (40)
motivated by the supergravity scenario. (The overall form of Fig.3 does not change if we
set another inputs for soft breaking e.g. m2L = m
2.) We take the following values for the
Yukawa couplings:
λN 1 = 0.4 , λN 2 = 0.3 , λN 3 = 0.2 ,
λH = 0.3 , λS = 0.6 ,
f νij =

1 0 0
0 1/
√
2 1/
√
2
0 −1/√2 1/√2


5× 10−7 0 0
0 5× 10−7 0
0 0 5× 10−7
 . (41)
The above parameters are chosen such that we obtain the global minimum with spontaneous
R-parity violation n 6= 0 (corresponding to Solution 3 in the Appendix), and that we may
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account for the solar neutrino by the MSW effect [12] between νe and νµ and the atmospheric
neutrino by mixing between νµ and ντ . With this choice, the mass of the third generation
∼ 5×10−2eV accounts for the atmospheric neutrino oscillations, and the mass of the second
generation ∼ 3× 10−3eV accounts for the solar neutrino oscillations.
We can see in Fig.3 that the third generation is substantially heavier than the other two
due to the Higgsino and gaugino seesaw effect. The dotted line represents the usual seesaw
effect for the third generation mD
2
3/MR3. The dashed line represents the Higgsino seesaw
effect (the second term in eq.(39)). We can see that in the largem region, the gaugino seesaw
effect shown in eq.(38) becomes dominant for the third generation. The reason is that s
and n are both proportional to m (see eq.(A3) in the Appendix); hence we can show from
eq.(32) and (33) that the usual and Higgsino seesaw effects (39) are inversely proportional
to m, so that they are less significant in the large m region.
Let us now discuss the neutrino mixing. The neutrino mixing matrix U diagonalizes the
mν shown in eq.(35):
UTmνU = diag(mν1, mν2, mν3) . (42)
At first sight, it might seem difficult to maintain large mixing between the second and third
generation as required to fit atmospheric neutrino data, because mν is hierarchical (namely
3-3 element is largest). However, the observable mixing matrix [13] in the neutrino oscillation
experiment is not U but
OTU , (43)
where O is the arbitrary mixing matrix appearing in eq.(27), determined by the free param-
eters f ν13, f
ν
23 and f
ν
33 in the original basis of eq.(26). Therefore we may obtain sufficiently
large mixing angle(s) to account for the atmospheric and/or solar neutrino oscillation(s).
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IV. SUMMARY
We have studied the supersymmetric standard model with right-handed neutrinos Ni and
a singlet field S, without assuming extra symmetries such as lepton number. The Majorana
masses of the right-handed neutrinos are spontaneously induced around the TeV region by
the vev of the singlet field S, which is generated by the effect of the large A-term. The right-
handed sneutrino N may acquire a vev as well, leading to spontaneous R-parity violation.
In this case, the effective theory is similar to a bilinear R-parity violating model.
There are two sources for the neutrino masses. One is the ‘usual seesaw’ mechanism
between left- and right-handed neutrinos. The other is the bilinear R-parity violating effect
coming from the terms f νi3nLiH2.
The usual seesaw contributes to all the elements of the neutrino mass matrix mνij , which
generates suitable mass differences for the solar neutrino oscillation due to the MSW effect.
The mass difference appropriate for the atmospheric neutrino oscillation is obtained by
the bilinear R-parity breaking effect which contributes only to the third generation. The
hierarchical neutrino mass structure naturally arises even if one sets all the neutrino Yukawa
couplings f ν to be of the same order. We may obtain suitable mixing angles for both the
atmospheric and solar neutrinos.
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APPENDIX A: THE VACUA OF THE SIMPLIFIED POTENTIAL
We investigate the vacua of the scalar potential (15). The solutions of the stationary
conditions (16) and (17) may be classified into four types:
Solution 1:
ni = s = 0 (A1)
Solution 2:
ni = 0 , s = −2m
λS
C± (A2)
Solution 3:
n2 =
m2
λ2N
{
A2k
(1 + k)2
− 2
}
, s = −Am
λN
1
1 + k
(A3)
Solution 4:
n2 =
m2
λ2N
C2
±
(2− k) , s = − m
λN
C± (A4)
where k = λS/λN (note that k > 0 in our base). The value of the potential (15) at each
Solution is, respectively,
V1 = 0 , (A5)
V ±2 = −
4
3
m4
λ2S
C2
±
(C2
±
− 1) , (A6)
V3 = −m
4
λ2N
{
A4k
3(k + 1)3
− A
2
k + 1
+ 1
}
, (A7)
V ±4 = −
m4
λ2N
C2
±
(C2
±
− 1)(1− k
3
) . (A8)
When |A| < 3, Solution 1 becomes the global minimum of the potential (15). When |A| > 3,
Solution 3 becomes the global minimum if
1
6C2+
(
2 + 2C2+ +
8 · 21/3C4+
f
+ 21/3f
)
< k < 2C2+ , (A9)
where
f =
{
−1− 3C2+ + 20C6+ +
(
1 + 2C2+
) √
1 + 2C2+ − 3C4+ − 36C6+ + 36C8+
}1/3
, (A10)
otherwise Solution 2 becomes the global minimum. There is no region where Solution 4
becomes the global minimum. The reason is as follows. We look for the parameter region
that realizes V4 < V1, V2, V3. To have V4 < V1 and n
2 > 0, we need C2
±
− 1 > 0 (which is
equivalent to |A| > 3). Using C2
±
− 1 > 0, the condition V4 < V2 reads (k − 2)2(k + 1) < 0.
This cannot be maintained for all k > 0. That is, Solution 4 is not global minimum.
Let us derive the condition (A9) for Solution 3. We consider the case A > 0 because the
extension to the A < 0 case is trivial. The condition for n2 > 0 is
2
√
2 < A , (A11)
2C2
−
< k < 2C2+ . (A12)
The global minimum condition is given by
V3 < V1 when 2
√
2 < A < 3 , (A13)
V3 < V2 when 3 < A . (A14)
When A < 3 we rewrite the condition (A13) using eq.(A5) and eq.(A7) such that
k >
1
3
{
A2 − 3 + (9A4 −A6) 13
}
> 2C2+ , (A15)
which is inconsistent with eq.(A12). Therefore it is not Solution 3 but Solution 1 which
represents the global minimum of the potential in the case of A < 3. When A > 3, The
condition (A9) follows from eq.(A6), eq(A7) and eq.(A14). The condition (A9) is compatible
with the condition (A12), and we may find nonzero solutions (A3) for n and s. As mentioned
below eq.(19), only one of the three Ni may acquire a vev. We isolate it by comparing the
value of V3 for each λNi. (V3 takes its minimum value when k = A − 1. Therefore if
k1, k2, k3 > |A| − 1, the right-handed sneutrino that acquires the vev is the one with the
smallest λNi. )
18
REFERENCES
[1] Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81, 1562 (1998);
M. Nakahata [Super-Kamiokande Collaboration], Nucl. Phys. Proc. Suppl. 76, 425
(1999).
[2] T. Yanagida, in Proceedings of the Workshop on Unified Theory and Baryon Number of
the Universe, eds. O. Sawada and A. Sugamoto (KEK, 1979) p.95;
M. Gell-Mann, P. Ramond, and R. Slanski, in Supergravity, eds. P. van Nieuwenhuizen
and D. Freedman (North Holland, Amsterdam, 1979).
[3] L.J. Hall and M. Suzuki, Nucl. Phys. B231, 419 (1984); T. Banks, Y. Grossman,
E. Nardi and Y. Nir, Phys. Rev. D52, 5319 (1995); H. Nilles and N. Polonsky,
Nucl. Phys. B484, 33 (1997); E. Nardi, Phys. Rev. D55, 5772 (1997); S. Roy and
B. Mukhopadhyaya, Phys. Rev. D55, 7020 (1997); R. Hempfling, hep-ph/9702412;
M.A. Diaz, J.C. Romao and J.W. Valle, Nucl. Phys. B524, 23 (1998); E.J. Chun,
S.K. Kang, C.W. Kim and U.W. Lee, Nucl. Phys. B544, 89 (1999); V. Bed-
nyakov, A. Faessler and S. Kovalenko, Phys. Lett. B442, 203 (1998); J.W. Valle,
hep-ph/9808292; J. Ferrandis, Phys. Rev. D60, 095012 (1999); D.E. Kaplan and
A.E. Nelson, hep-ph/9901254; C. Chang and T. Feng, hep-ph/9901260; A. Datta,
B. Mukhopadhyaya and S. Roy, hep-ph/9905549; J.C. Romao, hep-ph/9907466; J.C. Ro-
mao, M.A. Diaz, M. Hirsch, W. Porod and J.W. Valle, hep-ph/9907499; M. Hirsch,
hep-ph/9909443; F. Takayama and M. Yamaguchi, hep-ph/9910320.
[4] For review, see H.P. Nilles, Phys. Rept. 110 (1984) 1.
[5] A. Santamaria and J.W. Valle, Phys. Lett. 195B, 423 (1987);
A. Masiero and J.W. Valle, Phys. Lett. B251, 273 (1990);
D. Comelli, A. Masiero, M. Pietroni and A. Riotto, Phys. Lett. B324, 397 (1994).
[6] Y. Chikashige, R.N. Mohapatra and R.D. Peccei, Phys. Lett. 98B, 265 (1981);
G.F. Giudice, A. Masiero, M. Pietroni and A. Riotto, Nucl. Phys. B396, 243 (1993);
19
J.M. Cline, K. Kainulainen and S. Paban, Phys. Lett. B319, 513 (1993);
I. Umemura and K. Yamamoto, Nucl. Phys. B423, 405 (1994);
J. Sirkka and I. Vilja, Phys. Lett. B332, 141 (1994).
[7] K. Inoue, A. Kakuto, H. Komatsu and S. Takeshita, Prog. Theor. Phys. 67, 1889 (1982);
Prog. Theor. Phys. 68, 927 (1982); Prog. Theor. Phys. 71, 413 (1984);
L. Alvarez-Gaume´, J. Polchinski and M.B. Wise, Nucl. Phys. B221, 495 (1983);
K. Inoue, A. Kakuto and S. Takeshita, Prog. Theor. Phys. 71, 348 (1984).
[8] H.P. Nilles, M. Srednicki and D. Wyler, Phys. Lett. 120B, 346 (1983);
R. Gatto and G. Sartori, Phys. Lett. 124B, 333 (1983);
J.M. Frere, D.R. Jones and S. Raby, Nucl. Phys. B222, 11 (1983).
[9] P. Fayet, Nucl. Phys. B90, 104 (1975);
R. Barbieri, S. Ferrara and C.A. Savoy, Phys. Lett. 119B, 343 (1982);
J.P. Derendinger and C.A. Savoy, Nucl. Phys. B237, 307 (1984);
J. Ellis, J.F. Gunion, H.E. Haber, L. Roszkowski and F. Zwirner, Phys. Rev. D39, 844
(1989).
[10] B. Holdom, Phys. Rev. D28, 1419 (1983);
B. Rai and G. Senjanovic, Phys. Rev. D49, 2729 (1994);
S.A. Abel, S. Sarkar and P.L. White, Nucl. Phys. B454, 663 (1995).
[11] A.H. Chamseddine, R. Arnowitt and P. Nath, Phys. Rev. Lett. 49, 970 (1982);
R. Barbieri, S. Ferrara and C.A. Savoy, Phys. Lett. 119B, 343 (1982);
L. Hall, J. Lykken and S. Weinberg, Phys. Rev. D27 (1983) 2359.
[12] L. Wolfenstein, Phys. Rev. D17, 2369 (1978);
S.P. Mikheev and A.Y. Smirnov, Sov. J. Nucl. Phys. 42, 913 (1985); Nuovo Cim. 9C,
17 (1986).
[13] Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28, 870 (1962).
20
FIGURES
hH
0
2
i hH
0
2
i h~i h~i
   
N N
f
B
0
;
g
W
0
f
B
0
;
g
W
0
M
R
M
1
;M
2
(a) (b)
1
FIG. 1. The Feynman graph for neutrino masses at tree level. Fig.1(a) corresponds to the usual
seesaw. Fig.1(b) corresponds to the gaugino seesaw.
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FIG. 2. The schematic figure of the vacuum. The solid line corresponds to A = 4 and the
dotted line corresponds to A = 2.
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FIG. 3. The three neutrino masses vs. the soft scalar mass m of gauge singlets in the case of
n 6= 0 (corresponding to Solution 3 in the Appendix). The dashed line shows the case of zero gauge
couplings i.e. the case where the gaugino seesaw effect is ignored. The dotted line represents the
ordinary seesaw effect between the left- and right-handed neutrinos. The values of the parameters
are f ν1 = f
ν
2 = f
ν
3 = 5 × 10−7,λH = 0.3, λN1 = 0.4, λN2 = 0.3, λN3 = 0.2, λS = 0.6 and A = −4.
The gaugino mass values are M2 = 2M1 = 1TeV.
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